For the first time detailed measurements of the DOS (density of states) for Ti 3 AlC 2 and Ti 3 SiC 2 are presented at temperatures between T = 10 and 100 K. For Ti 3 AlC 2 a DFT (density functional theory) simulation of lattice dynamics is compared to experimental data demonstrating a noticeable difference between the spectra especially below 40 meV. In the case of Ti 3 SiC 2 the DFT model is augmented with MD (molecular dynamics) simulations resulting in the measured and simulated spectra resembling one another more closely but still having significant differences below 40 meV. Within the experimental spectra, there are features up to and including 20 meV which are unaccounted for by the simulation. Tracing individual atoms generated by the computer models suggests anharmonic motion of Si within the Ti 3 SiC 2 . The results presented could explain differences between calculated elastic moduli using DFT harmonic lattice dynamics simulations and results from recent experiments.
Introduction
 M n+1 AX n phase ceramics are referred to more commonly as MAX phases where M is an early transition metal, A is a group IIIA or IVA element, and X is C and/or N. These materials possess the desirable properties of metals (good thermal and electrical conduction, machinability, and thermal shock resistance) and ceramics (good resistance to chemical attack, oxidation and creep) [1] , leading to potential applications in industries such as energy generation, chemical processing, and medicine [2] .
Befittingly, synthesis of MAX phases with their desirable properties is difficult in any form. As pure polycrystalline compounds synthesis via solid state means is difficult due to the retention of intermediate phases, whilst synthesis remains difficult via melting and solidification due to decomposition above a critical temperature [3] . Although difficult to synthesise, some members of the MAX phase family such as Ti 3 SiC 2 have been well characterised in their polycrystalline form with their structure [4, 5] , properties [6, 7] , potential applications [7] , and synthesis [4, [8] [9] [10] [11] [12] [13] [14] [15] [16] familiar to many materials scientists. Producing sizeable single crystals is difficult, and obtaining information e.g. single crystal elastic constants, relies to a great extent on computational materials science based on DFT (density functional theory) lattice dynamics simulations.
Many of the bulk and intrinsic properties of MAX phase ceramics have been linked with their lamellar crystal structure. This paper concentrates only on the specific cases of Ti 3 [4] , and, later refined and analysed by Kisi et al. [5] , Barsoum et al. [17] , Gamarnik, Barsoum [18] , and Lane et al. [19] . Ti 3 AlC 2 was first synthesised by Pietzka et al. and characterised by Tzenov and Barsoum [20, 21] as recently as the 1990s. The crystal structure of these materials consists of double layers of TiC separated by a Si or Al layer as shown in Fig. 1 . The Ti stacking sequence is reversed in alternate TiC blocks. The CTi 6 octahedra in the structure are not regular with the Ti-C bonds being slightly shorter for the Ti atoms adjacent to the Si layer.
Accessing the bond properties of the crystal structure shown in Fig. 1 could be done effectively and almost routinely were a single crystal sample of the material was available. MAX phase single crystals exist [22] , but as they measure only a few microns their use in experimentation is limited.
To overcome this problem and investigate the atomic level phenomena of Ti 3 SiC 2 and Ti 3 AlC 2 , the approach taken in this research was to simulate both systems using DFT lattice dynamics, and, DFT-MD (DFT augmented with molecular dynamics). The results of the computations were then compared to experimentally obtained data from polycrystalline samples using inelastic neutron scattering techniques.
Simulation has become a powerful tool allowing scientists to explore atomic level phenomena in detail. Besides the initial work by Jeitschko et al. [4] , the first simulation of MAX phases was conducted by Medvedeva et al. in 1998 [23] . Since then, computational modelling using DFT has been used to calculate many properties, for example bond lengths which have been compared to experimental data [21, [24] [25] [26] [27] . Published results show a general consensus on the TiC blocks being strongly covalent, perhaps within a superimposed metallic Ti-Ti framework [23] . The other significant bond, Ti-Si or Ti-Al, is considered to be much weaker, perhaps metallic in nature [24, 28] . It was noted that the Ti-Si bond length is approximately twice as sensitive to pressure as the other interatomic distances [26, 28] . The behaviour and length of the M-A element bonds means the bond type is difficult to classify and therefore account for in simulation of other material properties.
The first comparison of an experimentally measured phonon DOS (density of states) for Ti 3 SiC 2 to DFT lattice dynamics and DFT-MD simulation was presented by Kearley et al. [29] . The INS (inelastic neutron scattering) was measured on TOSCA at the ISIS facility using a sample prepared by self-propagating high-temperature synthesis. The results of this experiment are shown in Fig. 2 . Above 25 meV the experimentally observed spectrum more closely resembles the MD augmented simulation. From the DFT-MD simulation it was concluded that the mismatch between spectra was likely due to anharmonic motion (anharmonic atomic potentials) between Si and Ti.
The spectrum is shown in Fig. 2 [29] , from the knowledge, the first experimental measurement of the phonon DOS of a MAX phase. The focus of this initial work was to provide an experimental basis for hypothesising anharmonicity of the Si or A element within MAX phases noting the ramifications it would have when simulating elastic tensors [29] . To expand previous work, the authors have obtained additional coverage of the (Q, ω) surface using the time-of-flight spectrometer PHAROS at the LANSCE facility at Los Alamos National Lab, USA.
The phonon DOS of both Ti 3 SiC 2 and Ti 3 AlC 2 were taken covering 0-70 meV energy range in order to investigate the low energy regime of the spectrum, which is closely related to the acoustic phonons. For Ti 3 SiC 2 , measurements were taken at temperatures of 10, 30, 50 and 70 K to allow comparison with DFT lattice dynamics (0 K) and DFT-MD (30, 50 and 70 K) simulations described in the following sections. In case of Ti 3 AlC 2 experimental results taken at 10 K are compared with the experimental results for Ti 3 SiC 2 and DFT lattice dynamics simulations (0 K).
Experiments

Ti 3 SiC 2
Experimental Details
The Ti 3 SiC 2 sample was prepared by a self-propagating high-temperature synthesis method using elemental starting materials Ti, Si and C with 10% of the Si replaced by Al to facilitate a more complete reaction. Following grinding, the powdered material had a particle size distribution varying between 1-10 μm. X-ray analysis showed the powder to be single phase. Approximately 75 g of sample was used as the scattering was weak and multiple scattering highly unlikely. The sample was situated within a window frame sample holder to take advantage of the entire beam cross section of 5 × 7.5 cm 2 .
The DOS was measured over 24 h for each temperature 10, 30, 50 and 70 K. These temperatures were chosen 10 K as the lowest temperature available on the instrument and could be compared to a zero point system described by DFT lattice dynamics, while the other temperatures were chosen to allow DFT-MD simulations to be directly compared to the experiment. The chopper was set to 240 Hz measuring an energy spectrum of 0-70 meV with an energy resolution of approximately 0.5 meV. Experimental data were then processed for instrument corrections and transformed to S (Q, ω) using standard algorithms and methodologies provided by LANSCE.
Simulation Details
The DFT lattice dynamics simulation was performed on a periodic Ti 3 SiC 2 system with a 3 × 3 × 1 supercell containing 108 atoms using the plane wave DFT code VASP [30] [31] [32] [33] . In all VASP calculations, the PAW (projector augmented wave) potential [34] and the PBE (Perdew-Burke-Ernzerhof) exchange-correlation functional [35] were used. A 5 × 5 × 2 Γ-centered Monkhorst-Pack k-point mesh and a 400 eV energy cut-off was used [36] providing sufficient computational accuracy. Geometry optimization was performed holding the cell volume and shape constant at the experimental values and allowing the ions to relax to their minimum energy. The values of the cell constants are known from experiment with considerable accuracy and holding these fixed overcomes the poor treatment of dispersion interactions in the DFT methods that typically leads to artificial cell-expansion. The full symmetry of the crystal structure was ensured during optimization.
The DFT optimized structure formed the basis for the starting point of the MD simulations. The authors performed a 4 ps equilibration on the energy minimized structure in the isokinetic ensemble at the chosen temperature. This was followed by 4 ps of equilibration in the microcanonical ensemble and then 18 ps of production in the same ensemble. nMoldyn [37] was used to calculate, from the MD trajectories, the incoherent intermediate scattering function F(Q, t) on a regular grid in both momentum transfer, Q, and time, t. This function was then Fourier transformed into the scattering function S(Q, ω) from which appropriate cuts were taken to coincide with the experimental INS spectra. The MD simulations for Ti 3 SiC 2 utilised 5 k-points for simulations at 30, 50 and 70 K generating the INS spectra. For all MD simulations the energy cutoff was reduced to 300 eV and a time step of 1 fs was used.
2.1.3 Results Fig. 3 shows the time-of-flight INS recorded by Pharos (DOS). It is noted that the error recoded by Pharos was small and it is for this reason that error is displayed in all Figures via a thickened line instead of traditional error markers for simplicity.
The INS spectrum (or DOS) integrated over Q for Ti 3 SiC 2 at 10 K is mapped against the simulated DFT lattice dynamics DOS in Fig. 4 . There is reasonable agreement between calculation and experiment in the region above 20 meV at this low temperature, which is expected as DFT is effectively a calculation at T = 0 K. Fig. 5 shows a comparison of the DFT-MD simulations at 30, 50, and 70 K with experimental results respectively. Focusing on the acoustic phonon branches below 30 meV could see the augmentation of the DFT to include MD creates a better fit at higher temperatures.
The ill-fitting results of DFT-MD simulations at lower temperatures seen in Fig. 5a , are not seen at elevated temperatures. This is because the lattice dynamics DFT calculation does not apply since it is limited to T = 0 K, and the associated computation using PHONON assumes harmonic potentials. Seeing how the higher temperature DFT-MD simulation provided a good fit, the DFT-MD simulations were studied in further detail. Taking the motion/location of the atoms within the material from the coordinate output of the MD simulations for every time step and eliminating cell drift, the authors examined the motion of the atoms with respect to the lamellar structure examining the motion of the atoms within the plane/lamellae and perpendicular to it (Fig. 1) . Fig. 6 depicts the normalised distribution of motion of each Si atom at 30, 50 and 70 K, respectively measured from the mean position. Analysis of the 108 atoms of Ti 3 SiC 2 found that the motion in the out-of-plane direction (i.e. vertically in Fig. 1 ) can be described as effectively harmonic. When considering IP (in-the-plane) motion, however, there is a significant difference. From Fig. 6 it is apparent that the Si atoms do not occupy their mean IP position as determined from crystallography, but rather occupy a radius of 0.03 Å. This distribution of Si suggests that these atoms experience an unexpected double well potential. A similar analysis for Ti and C found that these elements have a larger than expected radial distribution from their mean position and although not as pronounced as Si, the obtained distribution indicates that the strong covalently bonded Ti and C may experience flat bottom potentials resulting in a small amount of anharmonicity as well.
Examining the DFT-MD data even further, it is possible to identify the source of the low energy peak at around 7 meV most observable experimentally in Fig. 5c . Taking the DFT-MD time-coordinate output for each atom, a Fourier transform was performed effectively yielding the individual atom DOS. When looking at these DOS it was clearly seen that the peaks below 7 meV were the result of IP motion of all three elements with the largest contribution coming from the Si especially below 5 meV. Although these peaks do not visibly feature in the total DFT-MD DOS, the simulation does account for their presence suggesting that they are most strongly linked to the anharmonic motion of the Si within the lamellae.
Ti 3 AlC 2
Experimental Details
The Ti 3 AlC 2 sample was also prepared by a self-propagating high-temperature synthesis method using elemental starting materials Ti, Al and C with 10% of the Al replaced by Si which following grinding had a particle size distribution from between 1-10 μm. X-ray analysis showed the powder to be single phase. Approximately 100 g of sample was used, situated within a window frame sample holder to take advantage of the entire beam cross section of 5 × 7.5 cm 2 .
A DOS was measured for this sample over 24 h at temperatures of 10, 30, 50, 70 and 100 K, and covering an energy span of 70 meV. The experimental measurements were then processed for instrument corrections and the data transformed to S (Q, ω).
Simulation Details
For Ti 3 AlC 2 the simulation was conducted over a 3 × 3 × 1 supercell containing 108 atoms using the software VASP. A similar process to that outlined for Ti 3 SiC 2 was followed for this simulation without the subsequent MD simulation. The lattice dynamics was simulated using the software PHONON, and the obtained DOS is shown in Fig. 7. 2.2.3 Results Ti 3 AlC 2 in this paper is only compared with a DFT simulated DOS as this adequately highlights its differences from Ti 3 SiC 2 . Fig. 8 shows a cross section of the experimentally measured DOS and the DFT simulated DOS. The DFT DOS does not provide an overall good fit to the experimental DOS in particular in the 30-40 meV range. The peaks at 15-20 meV, which are linked to the motion of Al, are reasonably represented in the DFT simulation unlike Ti 3 SiC 2 . This indicates that the DFT model reproduces the acoustic modes of Ti 3 AlC 2 reasonably well with the implication that it behaves more harmonically that Ti 3 SiC 2 most likely due to the difference of the A element.
Ti 3 SiC 2 and Ti 3 AlC 2
Having analysed Ti 3 SiC 2 in depth, the authors compare the results obtained for Ti 3 AlC 2 . Fig. 9 shows the measured DOS of both materials compared with one another. As both these materials contain substantial TiC blocks, much of the spectrum should be the same with significant differences coming from the different A elements.
Looking in the range 15-20 meV, there is a notable difference in intensity between the different spectra, whereas there is closer agreement in terms of intensity at 30-40 meV and above where the spectra mirror one another more closely. This indicates that the A element is the main source of difference between these materials while the Ti-C contribution to the DOS is similar for both MAX phases. Since the agreement between the DFT calculation and the experiment is reasonable for Ti 3 AlC 2 in the energy range below 25 meV even at elevated temperatures (Fig. 8) , it can be concluded that the harmonic approximation is sufficiently suitable for describing the dynamics for Ti 3 AlC 2 in the low energy regime.
Discussion and Conclusions
The above work outlines the first detailed study of the DOS for the archetypal MAX phases Ti 3 SiC 2 and Ti 3 AlC 2 using inelastic neutron scattering. By comparing experimental measurements to simulations and DFT-MD simulations which was examined, in particular, the case of Ti 3 SiC 2 and anharmonic motion of Si, and, apparent harmonic motion of Al in case of Ti 3 AlC 2 .
The mismatch between measurements and simulations in case of Ti 3 SiC 2 means that any mechanical properties calculated from DFT simulation are likely to be unreliable. One such property is the single crystal elastic tensor which is a representation of the acoustic modes in the DOS. Most published values of the elastic tensor agree with one another relatively closely and have been exclusively determined from simulations based on harmonic potentials which until now have not been confirmed by experimentally. The lack of sizeable single crystals has exacerbated the difficulty in studying MAX phases on this scale, but has not prevented it altogether. Recently, Kisi et al. [38] developed a method for measuring single crystal elastic constants from a polycrystal via elastic neutron diffraction. Applying this method to Ti 3 SiC 2 it was found that this MAX phase was shear stiff rather than quasi-isotropic i.e. in numerical terms the elastic constant C 44 was found to be around 3 times bigger than the value obtained from DFT simulations. Linking this back to the work conducted here, the anharmonic potential experienced by the Si atom in Ti 3 SiC 2 means elastic constants derived from implementing the harmonic approximation are very likely to be incorrect. On the other hand, for Ti 3 AlC 2 it is more harmonic in nature and thus elastic constants derived from simulations are more likely to be accurate.
Considering the unexpected difference between Ti 3 SiC 2 and its sister material Ti 3 AlC 2 , the source of difference lies in the nature of the M-A element bonds. As stated in the Introduction, the Ti-Si and Ti-Al bond is thought similar in these materials but due to the long bond length classification is difficult. Further complicating bond classification is the apparent anharmonic nature of Ti 3 SiC 2 compared to the harmonic nature of Ti 3 AlC 2 . This allows for the hypothesis that the Ti-Si bond may be covalently bonded whilst the Ti-Al is metallically bonded. 
